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We report on a theoretical and experimental investigation of the bistable behavior of the polarization of long-
wavelength single-transverse mode vertical-cavity surface-emitting lasers (VCSELs) when subject to orthogo-
nal optical injection. We have studied the bistability properties of the polarization switching that appear when
changing the master laser wavelength with a fixed master laser power. Two bistable regions are found for po-
larization switchings appearing at short and long wavelengths. The directions of the obtained hysteresis cycles
are in agreement with the experimental results. The widths of both bistable regions are also found to be simi-
lar and nearly independent of the injected power. The width of the region where polarization switching takes
place is shown to increase as the injected power is increased. A good overall qualitative agreement is found
between our theoretical and experimental results. © 2010 Optical Society of America
OCIS codes: 140.5960, 140.7260, 190.1450, 260.5430.
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s. INTRODUCTION
ptical injection in semiconductor lasers is an attractive
ethod to achieve bistable behavior in those devices [1].
istable laser diodes have applications in all-optical sig-
al processing, optical switching, and optical storage
1–3]. The use of vertical-cavity surface-emitting laser di-
des (VCSELs) in those applications has recently in-
reased due to the unique characteristics of those devices
ike single-longitudinal mode operation, low threshold
urrent, circular-beam profile, and the possibility to fab-
icate large two-dimensional arrays [3]. Also short-
avelength (SW, 850 nm) VCSELs are widely used in
hort haul optical communications and optical network
nterconnects, while long-wavelength (LW) VCSELs are
ttracting much interest for use as low cost sources in
ingle-mode fiber metropolitan area [3–5]. Optical injec-
ion in VCSELs has also been used for improving the
odulation characteristics of these devices without modi-
ying their design. A significant reduction in the fre-
uency chirp under modulation [4] and a large improve-
ent of the laser intrinsic frequency response [5] have
een obtained in single-mode VCSELs subject to optical
njection.
Emission in different polarizations and transverse
odes is usually found in free-running VCSELs [6]. While
mission in several transverse modes is usually attrib-
ted to spatial hole burning effects, the polarization be-
avior can be influenced by different physical mecha-
isms. The light emitted by the VCSEL is usually linearly
olarized along one of the two orthogonal directions in the0740-3224/10/122542-7/$15.00 © 2lane of the active region. Polarization switching (PS) be-
ween both linearly polarized modes is often observed
hen the injection current or temperature is varied
7–11]. Optical injection strongly affects the polarization
haracteristics of VCSELs when linearly polarized light
rom a master laser (ML) source is injected orthogonally
o the linear polarization of the free-running VCSEL. In
his configuration, known as the “orthogonal optical injec-
ion,” switching from the polarization of the solitary
CSEL to the orthogonal linear polarization has been ob-
erved as the injected power increases [12–27]. Optical bi-
tability associated with the PS induced by orthogonal op-
ical injection has also been observed in experimental
12–18,22–27] and in theoretical [19,20,24] works.
Intensity-induced polarization bistability” has been usu-
lly observed: the hysteresis was seen in the slave laser
olarization when the intensity of the injection power was
aried [12–20]. Less attention has been paid to the
wavelength-induced polarization bistability,” which is
he bistability found in the VCSEL when changing the
L wavelength with a fixed ML power. That bistability
as been first found in experiments using 850 nm wave-
ength VCSELs [22,23]. It was shown that the change in
he ML wavelength leads to two successive PSs in such a
ay that only the PS appearing in the longer wavelength
egime exhibited bistable behavior [22,23]. In these ex-
eriments the excitation of another perpendicular polar-
zed higher-order transverse mode played a relevant role.
heoretical work on a single-transverse mode VCSEL has
hown that both PSs can exhibit bistable regions [24]. The010 Optical Society of America
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Torre et al. Vol. 27, No. 12 /December 2010 /J. Opt. Soc. Am. B 2543ependency of hysteresis widths on ML power has also
een analyzed from experimental [22,23] and theoretical
24] points of view.
Recent experimental investigations [15,25–27] have
hown that LW (1550 nm) single-transverse and polariza-
ion mode VCSELs also exhibit wavelength-induced po-
arization bistability when subject to orthogonal optical
njection. Experiments with 1550 nm VCSELs seem inter-
sting due to the potential of these devices for their use in
ptical interconnects, optical switching, and optical signal
rocessing at that important telecommunication wave-
ength. As the ML wavelength ML is scanned near the
esonance wavelength of the depressed linearly polarized
ode, and for a fixed injected power Pinj, the VCSEL ex-
ibits two successive PSs. Bistable regions are found for
oth SW and LW PSs when the VCSEL is biased well
bove threshold [25]. When the VCSEL is biased slightly
bove threshold, bistability is only observed in the LW
S. Recent theoretical analysis showed that the transi-
ion from one LW bistable region to two bistable regions is
btained as the bias current is increased [24].
In this work we study the wavelength-induced polar-
zation bistability observed under orthogonal optical in-
ection from a theoretical and experimental point of view.
e obtain a qualitative agreement with the experimental
esults of [25] by using the spin-flip model (SFM) [8,9] ex-
ended to account for orthogonal optical injection. Previ-
us theoretical analysis [24] has considered VCSELs with
small birefringence (0.038 nm) that exhibit PS without
ptical injection when changing the injection current. In
hat study two bistable regions were obtained, but the be-
aviors of the SW and LW bistable regions were very dif-
erent. In our work we choose values of the model param-
ters in such a way that the polarization of the free-
unning VCSEL remains stable over the whole bias
urrent range like in the VCSEL studied in [25]. With our
hoice of parameters the birefringence is much larger
han in [24] because the suppressed (orthogonal) polariza-
ion is shifted 0.48 nm to the LW side with respect to the
ominant one (parallel), according to the experimental
alue [25]. In this work we also obtain new experimental
ig. 1. Experimental setup for orthogonal optical injection in a
CSEL.esults by using the same device of [25]. We have done
hese measurements in order to perform a better compari-
on with the theory. Our theoretical and experimental re-
ults show that two bistable regions are found for both
W and LW PSs. The directions of theoretical hysteresis
ycles are in agreement with the experimental results.
he widths of both bistable regions are also found to be
imilar and nearly independent of the injected power. Val-
es similar to the experimental ones are obtained for the
ysteresis widths. A good qualitative agreement is then
ound between our experimental and theoretical results.
Our paper is organized as follows. In Section 2 we de-
cribe the experimental setup. In Section 3 we present the
xperimental results on the wavelength-induced polariza-
ion biestability. Section 4 is devoted to the description of
he theoretical model. In Section 5 we present our theo-
etical results. Finally, in Section 6 discussion and sum-
ary are presented.
. EXPERIMENTAL SETUP
rthogonal optical injection is achieved by using the ex-
erimental setup presented in Fig. 1. This setup is based
n the experiments of [25,26]. An all-fiber system has
een developed in order to inject the light from a tunable
aser (TL, Tunics Plus-CL) into a quantum-well commer-
ial VCSEL (RayCan, Co.). Its bias current and tempera-
ure are controlled by a laser driver (Thorlabs LDC200)
nd a temperature controller (Thorlabs TED200), respec-
ively. The VCSEL temperature was held constant at 297
during the experiments. The output of the TL is in-
ected into the VCSEL via a three-port polarization-
aintaining optical circulator. Control of the optical
ower injected into the VCSEL is performed by using a
ariable attenuator (VA). A fiber coupler with a 98/2 split
atio and a power meter are used to measure the optical
ower arriving at the VCSEL, Pinj. The control of the po-
arization injected into the VCSEL is achieved by using a
olarization controller. Spectral measurements are per-
ormed by using an optical spectrum analyzer (OSA) with
.07 nm resolution. The spectrum measured at the OSA
ncludes the power emitted by the VCSEL plus the reflec-
ion of the input light from the VCSEL cavity. The free-
unning VCSEL emits in the fundamental transverse
ode with a threshold current of Ith=1.62 mA. The
CSEL emits in a linear polarization that we will call the
parallel” or y polarization, indistinctly. The emission in
hat polarization is stable, and no PS is observed for any
ias above threshold. The second subsidiary mode has or-
hogonal x polarization and is shifted approximately 0.5
m to the LW side of the lasing mode. Further details of
his VCSEL, like the L-I characteristics and optical spec-
rum, can be found in [25].
. EXPERIMENTAL RESULTS
revious experimental papers on orthogonal optical injec-
ion in VCSELs have shown that as the wavelength of the
L, ML, is scanned near the wavelength of the orthogonal
inear polarization, x, with fixed injected power Pinj, the
CSEL exhibits two successive PSs [15,21–23,25–27].
his is shown in the inset of Fig. 2 where the output
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2544 J. Opt. Soc. Am. B/Vol. 27, No. 12 /December 2010 Torre et al.ower in the x direction, Pout, as a function of ML has
een plotted with a solid line when ML increases. When
ML is much smaller than the wavelength of the orthogo-
al mode x=1534.81 nm the VCSEL is emitting in the
polarization, and the main contribution to Pout is given
y the injected light reflected at the VCSEL. The increase
n Pout as ML increases while approaching x indicates a
rst PS to the x-polarization, which we call SW PS. The
ubsequent decrease in Pout as ML increases beyond x
hows that there is a second PS to the y polarization (LW
S). Both PSs are also clearly observed when measuring
he output power in the y direction by using a circulator
hat does not maintain the polarization [15,26]. The inset
f Fig. 2 also shows with a dotted line the evolution of Pout
hen ML decreases. The behavior is similar to that al-
eady discussed but with a clear shift toward shorter
avelengths. The VCSEL then exhibits two successive
Ss with two bistable regions in such a way that pure
avelength-induced polarization bistabilities are found
ike in [25]. Figure 2 shows the widths of both bistable re-
ions measured as a function of the injected power when
VCSEL=4 mA (around 2.5Ith). Hysteresis widths fluctuate
round a constant level of 2 GHz. The behavior of the hys-
eresis widths is similar for the SW and LW bistable re-
ions. Figure 3 shows the width of the region where the
S takes place as a function of Pinj when IVCSEL=4 mA.
he PS width increases as Pinj increases like in [25]. We
ave only considered the width obtained when increasing
ML because the results obtained when decreasing ML
re similar [10]. The widths of the bistable and PS regions
ave been calculated like in [25]. Also the same automatic
ontrol of the measurements described in [25] has been
sed to obtain Figs. 2 and 3.
. MODEL
ur rate equation model for the optically injected VCSEL
s based on the San Miguel–Feng–Moloney model, also
alled SFM [8,9]. The SFM model assumes a four-level
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ig. 2. Frequency widths of the bistable regions as a function of
he injected power. Results corresponding to the SW and LW
istable regions are plotted with squares and circles, respec-
ively. The inset shows the output power as a function of the
avelength of the injected light when Pinj=126 W. Results cor-
esponding to increasing and decreasing the wavelength are plot-
ed with solid and dashed lines, respectively. In this figure
VCSEL=4 mA=2.47Ith.ystem in which electrons with different spins yield opti-
al transitions with different circular polarizations of the
ight. We have used the extension of the SFM model in-
luded in [9] that accounts for the injection of an external
eld with an orthogonal polarization to that of the free-
unning VCSEL. In our simulation the parameters of the
odel are chosen such that the free-running VCSEL ex-
ibits a stable and stationary y linearly polarized state.
ith our parameter choice the frequency of the y polar-
zed mode is larger than the frequency of the x linear po-
arization yx like in the experimental results. We
herefore choose the optical injection along the x direction
or obtaining PS from the y to the x linear polarizations.
he rate equation model written in the frequency refer-
nce frame of the ML is given by
dEx
dt
= 1 + iDEx + idEy − Ex − ip + Ex − aEx
+ injEinj + 	sp
xt, 1
dEy
dt
= 1 + iDEy − idEx − Ey + ip − Ey + aEy
+ 	sp
yt, 2
dD
dt
= − eD1 + Ex2 + Ey2 + e − iedEyEx
 − ExEy
,
3
dd
dt
= − Sd − edEx2 + Ey2 − ieDEyEx
 − ExEy
, 4
here Ex,y are the two linearly polarized slowly varying
omponents of the field and D and d are two carriers vari-
bles. D accounts for the total population inversion be-
ween conduction and valence bands, while d is the differ-
nce between the population inversions for the spin-up
nd spin-down radiation channels. The internal VCSEL
arameters are as follows:  is the field decay rate, e is
he decay rate of D,  is the spin-flip relaxation rate,  is
ig. 3. Width of the PS region as a function of Pinj when
VCSEL=4 mA.s
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Torre et al. Vol. 27, No. 12 /December 2010 /J. Opt. Soc. Am. B 2545he linewidth enhancement factor,  is the normalized in-
ection current, a is the linear dichroism, and p is the
inear birefringence. The fluctuating nature of the spon-
aneous emission is included in our model since 
it is a
omplex Gaussian term of zero mean and time correlation
iven by 
it
jt=2ijt− t and 	sp is the spontane-
us emission rate.
The optical injection parameters are inj, Einj, and ,
here inj is the coupling coefficient, Einj is the injected
eld amplitude, and  is the detuning between the mas-
er and slave angular frequencies. We consider the case in
hich the coupling coefficient coincides with the field de-
ay rate inj= for the ideal case of an effectively mode-
atched injected input beam [9]. The  parameter is de-
ned as the difference between the angular frequency of
he injected light, inj, and the reference angular fre-
uency, ref, intermediate between those of the x and y
inear polarizations, i.e., =inj−ref, where ref= x
y /2. The VCSEL parameters chosen for the simula-
ions are e=1 ns−1, p=192.1 ns−1, a=1 ns−1, s
1000 ns−1, =300 ns−1, =3, and 	sp=10−6 ns−1. With
his parameter choice the free-running VCSEL emits in
he y linear polarization and does not show PS in all the
nalyzed injected current ranges. Also a wavelength split-
ing between the two linear polarizations similar to the
ne experimentally measured is obtained. The scale of the
njected power is taken to match the experimental mini-
um value of Pinj required to obtain PS induced by the
rthogonal optical injection. In the experiment the mini-
um Pinj to achieve PS is 24 W for a 2.6Ith bias current,
hile in our theoretical simulations the minimum Einj re-
uired for PS at that current is 0.0384. Then in our cal-
ulations we consider that Pinj=cEinj
2, where c=1.628
104 W.
. THEORETICAL RESULTS
n this section we will analyze the wavelength-induced
olarization bistability obtained when changing ML for a
xed Pinj. We show in Fig. 4(a) the output power corre-
ponding to the x and y polarizations (Ix and Iy, respec-
ively) as a function of the ML wavelength for fixed values
f Pinj and IVCSEL. We have considered the temporal varia-
ion of ML illustrated in the inset of Fig. 4(a). ML de-
reases from a value above the wavelength corresponding
o the orthogonal mode [x, shown in the inset of Fig. 4(a)
ith the upper horizontal line] until reaching an interme-
iate value between x and y (y is also shown in that in-
et with the lower horizontal line). From that time a sym-
etric increasing dependence of ML is considered. The
ariation of ML is performed in discrete steps of height
 and duration step to approach the experimental condi-
ions. The output power in both polarizations is averaged
n the interval of time step using a standard moving av-
rage. In Fig. 4(a) we show the results that correspond to
ecreasing ML. As ML decreases below 1534.90 nm Ix be-
ins to increase in such a way that, when ML is getting
ear the resonance wavelength of the orthogonal polar-
zation of the VCSEL, all the power is transferred to the
rthogonal polarization. This switching corresponds to
he previously described LW PS in Fig. 2. As ML de-
reases below the value  , the output power I drops andx xhe total output power is transferred to the y polarization.
hen there is a new PS that is similar to the SW PS
hown in Fig. 2. Figure 4(b) shows the total output power
n the orthogonal polarization as a function of ML when
ecreasing and increasing ML. The bistability behavior is
hown clearly in this figure. The curve obtained when in-
reasing ML is shifted toward longer wavelengths in
greement with the experimental results shown in Fig. 2.
The results reported in Fig. 4(b) change when consider-
ng different values of the height of the steps, . We
how in Fig. 5 the dependence of Ix on ML when increas-
ng and decreasing ML for different values of . We find
hat the hysteresis width diminishes when  decreases.
his result is in agreement with our experimental results
hen using different values of . For very small 
smaller than the values shown in Fig. 5), that is, model-
ng the variation of ML in a continuous form, the posi-
ions of the maximum of Ix for increasing and decreasing
ML are exchanged. Then the direction of the hysteresis
ycles is inverted in agreement with the results reported
n [24].
We now analyze the theoretical dependence of the
idth of the PS region on the injected power. The width of
he PS region is calculated by using the Ix versus ML
urves. This width is calculated by averaging over five
alues obtained around a level at 50% of the maximum
alue of Ix. This kind of average was also used in [25] to
inimize the effect of some experimental fluctuations ob-
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(a) we show the width of the regions where the PS to the
rthogonal polarization takes place as a function of the in-
ected power when IVCSEL=2.85Ith. Results for decreasing
I x
(
ar
b
.u
n
it
s)
λML(nm)
1534.7 1534.8 1534.9 1535.0
0
3
6 (a) ∆λ = 0.015 nm
1534.7 1534.8 1534.9 1535.0
0
3
6 (b) ∆λ = 0.009 nm
1534.7 1534.8 1534.9 1535.0
0
3
6 (c) ∆λ = 0.005 nm
1534.7 1534.8 1534.9 1535.0
0
3
6 (d) ∆λ = 6.25e-04 nm
ig. 5. Orthogonal polarization intensity, Ix, as a function of the
L wavelength when decreasing (dashed line) and increasing
solid line) ML for different  values: (a) =0.015 nm, (b) 
0.009 nm, (c) =0.005 nm, (d) =6.2510−4 nm.
Pinj ( µW)
0 50 100 150 200
W
id
th
o
f
th
e
P
S
re
g
io
n
(n
m
)
0.00
0.04
0.08
0.12
0.16
0.20
Pinj ( µW)
0 50 100 150 200
H
ys
te
re
si
s
W
id
th
(G
H
z)
0
1
2
3
4
5
6
Increasing λML
Decreasing λML
Short wavelength PS
Long wavelength PS
(a)
(b)
ig. 6. (a) Widths of the PS regions as a function of the injected
ower for decreasing (white circles) and increasing (black circles)
ML. (b) Hysteresis width of the bistable regions as a function of
he injected power. Results correspond to the LW (black circles)
nd SW (white circles) bistable regions. In both cases IVCSEL
2.58I , =0.007 nm, and  =35 ns.th stepnd increasing ML are shown with open and filled circles,
espectively. Similar widths are obtained when increasing
nd decreasing the ML wavelength in agreement with
25]. The PS width increases as Pinj increases in agree-
ent with the results reported in Fig. 3. We have also
ound that the width of the PS region does not change for
ifferent values of . In Fig. 6(b) we show the width of
oth bistable regions as a function of the injected power
inj when IVCSEL=2.85Ith, and ML is varied in 50 steps
ith =0.007 nm and step=35 ns. The value of  is
ear the experimental one (0.005 nm), while the theoret-
cal duration of the pulse is much smaller than the experi-
ental one (several seconds). The theoretical value of 
as been chosen to get the best agreement with the ex-
erimental results of Fig. 2 for the hysteresis width. The
heoretical value of step has been chosen as long as pos-
ible while maintaining a reasonable computing time.
he results reported in Fig. 6(b) show that the hysteresis
idths of both bistable regions are similar and are nearly
ndependent of the injected power, in agreement with Fig.
. Also the directions of the hysteresis cycles are in agree-
ent with the experimental results contained in Section 3
nd in [25].
. DISCUSSION AND CONCLUSIONS
here is a difference between our experimental results on
he wavelength-induced polarization bistability and those
resented in [25]. We have found that the width of both
istable regions does not depend on the injected power.
owever a step-like dependence was measured in [25]
ith a value of the injected power at the transition point
hat was independent of the VCSEL current. The previ-
us transition occurred when the power emitted by the
L, PML, was around 0.8 mW. The reason for the step-like
ependence is that 0.8 mW is the limit power in our TL
or the operation of the active cavity control for mode-hop
ree (if PML0.8 mW our TL operates without mode-
opping). In [25] changes in the injected power were ob-
ained by changing PML in the TL. In our experiment
hose changes have been performed by using a VA after
he TL and by choosing PML always larger than 0.8 mW to
void the problem of switching between the two different
peration modes (with or without mode-hop control) of the
L. In [25] power-induced polarization bistability was
ound near that transition value. We have repeated the
easurements of [25] in our setup. No hysteresis cycles
ere observed when increasing PML (always above 0.8
W) in a factor equal to the attenuation factor in our VA
in order to have the same injected power in the VCSEL
s in [25]). Therefore the origin of the abrupt transition in
he width of bistable regions and of the power-induced bi-
tability found near PML=0.8 mW [25] lies in the internal
peration of the TL and cannot be attributed to the inter-
al VCSEL dynamics. We note however that different
orms of polarization bistability with very wide power-
nduced hysteresis cycles can be observed by using our
etup with PML always larger than the previous transi-
ion value [28].
The spontaneous emission rate chosen in our simula-
ions is quite small. Spontaneous emission noise in this
roblem acts as a seed to trigger the dynamical evolution
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Torre et al. Vol. 27, No. 12 /December 2010 /J. Opt. Soc. Am. B 2547hat is basically deterministic above a low power level. We
ave checked that larger and more realistic values of the
pontaneous emission rate (around 10−5–10−4) do not
hange in a significant way our results.
We also note that the change in step at a single wave-
ength step changes the hysteresis width. Experimental
alues of step are of the order of several seconds. We can-
ot consider those values in the theory due to the prohibi-
ive calculation times in the computer. Our approach to
btain the theoretical results has been the following.
iven a wavelength step similar to the experimental one,
e have then chosen a value of step as long as possible
hile maintaining a reasonable computing time. This is
he best strategy that we could devise in order to compare
ur theoretical and experimental results.
The locking region in Figs. 4 and 5 is more symmetric
han those observed in [23,24]. Our solitary VCSEL emits
n a linearly polarized single-transverse mode over the
hole bias current range. Solitary VCSELs in [23,24]
ave different qualitative behaviors because emission in
wo transverse modes is found in [23], while a PS of the
undamental transverse mode was observed in [24]. This
ndicates that a possible reason for the symmetric locking
egion observed in our work could be the single mode be-
avior of our solitary device.
The main novelty of our simulations is the obtaining of
onstant hysteresis widths of the bistable regions [Fig.
(b)] that are similar to our experimental results (Fig. 2).
hese results are qualitatively different to those obtained
n [24] (Fig. 5 and 6) in which different maxima of the
ysteresis widths are obtained for several values of the
njected power. The theoretical models used in our work
nd in [24] are similar. Then the reason behind this dif-
erent behavior is the consideration of very different de-
ice parameters in both works. The main difference in the
alues of the parameters corresponds to the birefringence
alue (our birefringence is 6.4 times larger than in [24]).
ur birefringence value was large in order to obtain a
heoretical wavelength splitting between the two linear
olarizations similar to that measured in our device (0.5
m).
The value of the spin-flip relaxation rate that we have
sed s=1000 ns−1 is very large. We chose that value in
rder to have a stable polarization in the solitary laser be-
ause of the very large value of the birefringence param-
ter. An alternative that produces also a mono-stable be-
avior is the use of the SFM with a more realistic value of
s 250 ns−1 and a larger value of the linear anisotropy
arameter a=2 ns−1. Another alternative is the use of
he simpler two-mode model with a single carrier density
29]. We intend to follow both alternatives in future work.
Summarizing, we have made a theoretical and experi-
ental study of the PS that appears when 1550 nm VC-
ELs are subject to orthogonal optical injection. Our VC-
ELs are characterized by a large value of their
irefringence parameter and by a linearly polarized emis-
ion along the whole current range. The wavelength-
nduced polarization bistability has been analyzed. We
ave found two bistable regions for PS appearing at SWs
nd LWs. We find that the widths of both bistable regions
re similar and nearly independent of the injected power.
he directions of the hysteresis cycles are in agreementith the experimental results. A good overall qualitative
greement has been found between the experimental and
heoretical results when using typical values of the VC-
EL parameters. A better agreement is expected if the
orking parameters of our VCSELs are extracted follow-
ng the approach of [30].
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